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Abstract We examined neuronal responses of hypo-
thalamic melanin-concentrating hormone (MCH) and
corticotropin-releasing hormone (CRH) to background
color in the self-fertilizing fish, Kryptolebias marmo-
ratus. Fish were individually reared in lidless white or
black cylindrical plastic containers for 15 days. The
number of MCH-immunoreactive (ir) cell bodies in
the nucleus lateralis tuberis (NLT) of the hypothala-
mus was significantly greater in the white-acclimated
fish, while no significant differences were observed
in the nucleus anterior tuberis (NAT) of the hypo-
thalamus. Significant differences were not seen in the
number of CRH-ir cell bodies in the NLT between the
groups. The body of the white- and black-acclimated
fish appeared lighter and darker, respectively, com-
pared with the baseline color. In the black-acclimated
fish, feeding activity was significantly greater with a
tendency toward higher specific growth rate compared
with the observations in white-acclimated fish. No
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significant inter-group cortisol level differences were
observed. These results indicate that background color
affects MCH neuronal activity in the NLT as well as
body color adaptation but does not affect CRH neu-
ronal activity in K. marmoratus.
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Abbreviations

C Cerebellum

CP Central posterior thalamic nucleus
GA  Corpus glomerulosus pars anterior
GR  Corpus glomerulosus pars rotunda
HB  Habenula

Hyp Hypothalamus

LI Inferior lobe

M Medulla oblongata

NAT Nucleus anterior tuberis

NC  Nucleus corticalis

NLT Nucleus lateralis tuberis

NRL Nucleus recessi lateralis

OB  Olfactory bulb

OT  Optic tectum

PG Preglomerular complex

PGZ Periventricular gray zone of optic tectum
Pit Pituitary

T Telencephalon

TE Tectum

TL Torus longitudinalis

TLa  Torus lateralis
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TS Torus semicircularis
VM  Ventromedial thalamic nucleus

Introduction

Background color has been suggested to influence
body color in some teleost fish species (see Bar-
ton 2002). The body color of some teleost fish such
as goldfish Carassius auratus (Cerda-Reverter et al.
2006), tilapia Oreochromis mossambicus (Groneveld
et al. 1995), and barfin flounder Verasper moseri
(Yamanome et al. 2007) becomes paler against a white
background than against a black background. This
phenomenon is induced by melanin-concentrating hor-
mone (MCH). MCH was first found in the pituitary of
the chum salmon Oncorhynchus keta, as a substance
that made the skin color pale by concentrating melanin
granules (Kawauchi et al. 1983). In general, MCH is
produced in the hypothalamus, released from the pitui-
tary, and reaches melanophores (Amano and Takahashi
2009). Indeed, MCH expression levels in the brain
were higher in fish reared against white backgrounds
than in those reared against black backgrounds (Gron-
eveld et al. 1995; Takahashi et al. 2004, 2007; Cerda-
Reverter et al. 2006). MCH projections inside the brain
(i.e., those that do not project to the pituitary) are con-
sidered to be involved in the regulation of food intake
in teleost fish (Amano and Takahashi 2009).

Background color has also been suggested to influ-
ence stress response in some teleost fish species (see
Barton 2002). For example, plasma cortisol levels
of the juvenile carnivorous freshwater catfish Lophi-
osilurus alexandri were higher when reared against
a black background than against yellow, brown, and
blue backgrounds (Costa et al. 2017). Plasma corti-
sol levels in goldfish were higher against a red back-
ground than against white and black backgrounds
(Eslamloo et al. 2015). Since cortisol secretion is
controlled by the hypothalamo-pituitary-interrenal
(HPI) axis (Pankhurst 2011), it can be assumed that
background color also affects corticotropin-releasing
hormone (CRH) levels in the brain. We have recently
found that, in the juvenile Japanese eel Anguilla
Jjaponica, hypothalamic CRH mRNA levels tended
to be and plasma cortisol levels were significantly
higher in the white-acclimated fish than in the black-
acclimated fish (Amano et al. 2021).
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Assuming that background color affects body color
change and stress responses, MCH and CRH levels
would be influenced by the background color. How-
ever, to date, neuronal responses of MCH and CRH
to background color have not been reported in teleost
fish.

The mangrove killifish Kryptolebias marmoratus
(Cyprinodontiformes) is known to use self-fertiliza-
tion for reproduction (Harrington 1961). Recently, K.
ocellatus, the sister taxon of K. marmoratus, has also
been reported as a self-fertilizer (Avise and Tataren-
kov 2015). K. marmoratus thrives in wide ranges of
water temperature, salinity, and dissolved oxygen and
ammonia contents (see Taylor 2012), indicative of
its high stress tolerance. We have recently found that
the number of CRH-ir cell bodies in the hypothala-
mus and the levels of cortisol in the body were both
increased following the induction of crowding stress
in this fish (Amano et al. 2022).

The purpose of the present study was to eluci-
date the neuronal responses of MCH and CRH in the
hypothalamus to background color in K. marmoratus.
Since the distribution of CRH-immunoreactive (ir)
cell bodies and fibers in the brain and pituitary has
already been reported (Amano et al. 2022), in this
study, we first examined the distribution of MCH-
ir cell bodies and fibers by immunohistochemistry.
Next, to clarify the neuronal responses of MCH and
CRH in the hypothalamus to background color, dual-
label immunohistochemistry was performed. Finally,
fish were reared under white or black background
conditions for 15 days, and the hypothalamic MCH-
ir and CRH-ir cell body counts, body color, somatic
growth, feeding activity, and cortisol levels were
compared between white- and black-acclimated fish.

Materials and methods
Fish

Hermaphrodites from a single clonal lineage of K.
marmoratus originated from a single fish sampled in
Dangriga, Belize, and has been maintained for more
than 10 generations at the Aquaculture Biology Labo-
ratory at Nagasaki University (Kanamori et al. 2016)
were used. All fish were held individually in trans-
lucent cylindrical plastic containers with 60 mL of
brackish water (17 ppt) from birth and were reared



Fish Physiol Biochem (2023) 49:385-398

387

under a controlled photoperiod (LD 14:10) and tem-
perature (25 °C).

Immunohistochemistry for MCH

Underyearling and three-years old fish (total
length (TL); 12.0-21.4 mm, standard length (SL);
10.5-18.0 mm, body weight (BW); 15-78 mg) were
anesthetized by immersion in 0.05% 2-phenoxyetha-
nol. Head regions without the lower jaw were sepa-
rated and immediately fixed with Bouin’s fluid for
24 h at 4 °C. Subsequently, they were rinsed in cold
70% ethanol, dehydrated through a graded series
of ethanol concentrations, cleared in benzene, and
embedded in Surgipath Paraplast Plus (Leica Biosys-
tems, Nussloch, Germany). Serial sagittal or frontal
sections were cut at 8 or 10 pm, respectively, and
mounted on adhesive glass slides (CRE-01, Matsu-
nami, Osaka, Japan).

Immunohistochemistry was conducted according
to Amano et al. (2016), using a rabbit polyclonal anti-
body against salmon MCH (Kawauchi et al. 1983).
The mRNA sequences encoding MCH (MCH1 and
MCH2) in the K. marmoratus have recently been
updated in the NCBI database (NCBI Reference
Sequence: XM_017438552.3, XM_017411545.3).
The deduced amino acid sequence of K. marmoratus
MCH1 is DTMRCMVGRVYRPCWEV (17 amino
acid residues) and those of MCH2 is DKDLDML-
RCMIGRVYRPCWEA (21 amino acid residues).
K. marmoratus MCHI1 is identical to salmon MCH
(Kawauchi et al. 1983), and the sequence identity of
K. marmoratus MCH2 with K. marmoratus MCH is
66.7%. Therefore, it is likely that the anti-MCH anti-
body recognizes K. marmoratus MCH1. The sections
were incubated with the antibody diluted 4,000-fold
with 0.1 M phosphate buffer (pH 7.4) containing
0.75% NaCl, 0.3% Triton X-100, and 0.02% bovine
serum albumin (SP-5050; Vector Laboratories Inc.,
Burlingame, CA, USA) overnight at 4 °C. A Hist-
ofine immunostaining kit (SAB-PO (R), Nichirei
Biosciences, Tokyo, Japan) was used for immunohis-
tochemical reactions. MCH immunoreactivities were
visualized by 3,3’-diaminobenzidine tetrahydro-
chloride (DAB, brown). Some frontal sections were
counterstained with cresyl violet for the histological
identification of nuclear boundaries. We referred the
terminology for brain nuclei of Peter and Gill (1975)
and Wullimann et al. (1996).

To confirm the specificity of the immunohisto-
chemical reactions for MCH, control sections were
incubated in antisera that had been pre-absorbed
overnight at 4 °C with an excess amount of synthetic
salmon MCH (25 pg MCH in 1 ml of diluted anti-
serum). The subsequent method was identical to that
used for the experimental sections.

Dual-label immunohistochemistry for MCH and
CRH

To clarify the neuronal responses of MCH and CRH
and to count the number of cell bodies immunoreac-
tive to MCH and CRH in the hypothalamus, dual-
label immunohistochemistry was developed accord-
ing to Amano et al. (2016, 2022), using the rabbit
polyclonal antibody against salmon MCH (diluted
4,000-fold) (Kawauchi et al. 1983) and rabbit poly-
clonal antibody raised against human/mouse/rat
CRH (diluted 1,000-fold) (Cat. # AB-02, Advanced
Targeting Systems, San Diego, CA, USA). Immu-
noreactivities of MCH and CRH were visualized by
DAB (brown) and nitro blue tetrazolium chloride, and
5-bromo-4-chloro-3-indolyl phosphate, toluidine salt
(NBT/BCIP, blue), respectively.

Rearing experiment
Experimental fish and rearing conditions

Three-years old fish about 21 mm of TL, 17 mm of
SL and 67 mg of BW were used. The rearing experi-
ment was started on June 15 (day 0). First, to pre-
vent the effects of anesthetization, representative
fish were moved to a laboratory dish (5X5X%X2 cm)
filled with about 10 mL of brackish water (approxi-
mately 5 mm height) and then photographed imme-
diately from above. Next, 16 fish were anesthetized
by immersion in 1.5% 2-phenoxyethanol. TL, SL
and BW were measured, and the condition factor
(CF) was calculated as BW (g) / SL (cm)? x 1000.
Then, fish were randomly moved to lidless white
or black cylindrical plastic containers (one fish per
container, eight containers each) which contained
60 mL of brackish water (17 ppt). Subsequently, fish
were reared under the same conditions as described
above until June 30 (day 15) by feeding to satiation
with Artemia franciscana nauplii. One fish in the
black-acclimated group died on day 3.

@ Springer



388

Fish Physiol Biochem (2023) 49:385-398

Measurement of food intake

Measurement of food intake was conducted on
June 24 (day 9). The fish were moved to concolor-
ous cylindrical plastic containers filled with 60 mL
of fresh brackish water (17 ppt) containing a cer-
tain number (200 individuals) of A. franciscana
nauplii. Ten minutes later, fish were again moved
to another concolorous cylindrical plastic contain-
ers filled with 60 mL of fresh brackish water (17
ppt). The number of A. franciscana nauplii eaten
in 10 min was calculated by subtracting the number
of uneaten nauplii from that of initial number (200)
of nauplii. Then, the fish were again fed A. francis-
cana nauplii until satiation.

Fish sampling

Fish were sampled on June 30 (day 15). Pho-
tographs of representative fish were taken as
described above. Then, fish were anesthetized by
immersion in 1.5% 2-phenoxyethanol. TL, SL and
BW were measured, and the CF was calculated.
Head regions without the lower jaw were sepa-
rated and immediately fixed with Bouin’s fluid for
24 h at 4 °C for dual-label immunohistochemistry
for MCH and CRH. The remaining body (without
head region) was weighed and put into a 1.5 mL
plastic tube and stored at -80 °C until analysis for
cortisol. Specific growth rate (SGR) was calculated
as follows: SGR (%)= {In (final BW)-In (initial
BW)} x 100/day.

Counting of MCH-ir and CRH-ir cell bodies in the
hypothalamus

Dual-label immunohistochemistry for MCH and
CRH was conducted as described above. The
number of MCH-ir cell bodies in the nucleus lat-
eralis tuberis (NLT) and the nucleus anterior tub-
eris (NAT) of the hypothalamus, and CRH-ir cell
bodies in the NLT of the hypothalamus was sepa-
rately counted according to Abercrombie (1946)
and Amano et al. (2022). Since MCH-ir cell bod-
ies in the NLT tend to form tight clusters, count-
ing the number of MCH-ir cell bodies is difficult
as Canepa et al. (2006) reported. Thus, in some
sections, we measured the nuclear area of labeled
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MCH-ir cell bodies, and the number of MCH-ir
cell bodies was calculated by dividing the nuclear
area of labeled MCH-ir cell bodies in average
area of single MCH-ir cell body (77.5 pm?) using
the Image J software provided free of charge by
National Institute of Health, USA, via the Internet.
We eliminated two fish (one fish per each group),
because the sections were in poor condition.

Cortisol measurement

Cortisol levels in the body without head region
were measured by a time-resolved fluoroimmu-
noassay (TR-FIA) for cortisol (Yamada et al.
2002), as described in detail in Amano et al.
(2022). Briefly, the samples were sonicated in
an assay buffer, and the homogenate was cen-
trifuged at 10,000 g for 30 min at 4 °C. Cortisol
was extracted from the resulting supernatant using
diethyl ether. For TR-FIA, cortisol-BSA conjugate
was immobilized in the wells of a 96-well micro-
titer plate at 4 °C overnight. After three washes
with 0.9% saline, the wells were blocked with
0.1% BSA at room temperature for 1 h. After three
washes, the standard or extracted samples and anti-
cortisol serum were dispensed into the wells. After
the immunoreaction at 4 °C overnight and three
washes, europium (Eu)-labeled anti-rabbit IgG goat
IgG (Eu-IgG), was added to the wells, and the plate
was shaken at room temperature for 1 h. Eu was
dissociated from the steroid complex, primary anti-
body, and Eu-IgG by adding an enhancement solu-
tion, and the intensity of Eu was measured using
a time-resolved fluorometer (Infinite F500, Tecan
Austria GmbH, Austria).

Statistical analysis

Data were tested for normality by Kolmogo-
rov—Smirnov test and for equal variance by Bart-
lett test. Then, data between two groups were com-
pared: Student’ z-test for the parametric data with
equal variance, Welch’s #-test for the parametric
data with unequal variance, Mann—Whitney U-test
for the nonparametric data, respectively. The paired
t-test was used to compare initial and final levels
in TL, BW, and CF. In all analyses, p-values <0.05
were considered significant.
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Results
Immunohistochemistry for MCH

The distribution of MCH-ir cell bodies and fibers is
summarized in Figs. 1 (sagittal section) and 2 (fron-
tal section). MCH-ir cell bodies were detected in
the NLT (Figs. 2a, b, 3a-h, 4a—d, 5a, b) and in the
NAT of the hypothalamus (Figs. 2c, d, 3g, h, 4e-h).
MCHe-ir cell bodies in the NLT formed tight clusters
(Figs. 3a, b, 5a, b). MCH-ir cell bodies in the NLT
(8.6+0.4 pm (mean+SEM, n=17) in diameter)
seemed larger than those in the NAT (6.3+0.4 pm
(n=28) in diameter). MCH-ir fibers were observed
mainly in the hypothalamus and a small number
of MCH-ir fibers were detected in the telencepha-
lon (Fig. 1a). MCH-ir cell bodies in the NLT were

OB

Fig. 1 Schematic illustration of the distribution of MCH-
ir cell bodies (closed circles) and fibers from a parasagittal
section (a) to a midsagittal section (d) of the K. marmoratus
brain. Large and small closed circles indicate MCH-ir cell bod-
ies in the NLT and NAT, respectively. For the abbreviations of
brain regions, see the text. Left indicates the rostral. Bar indi-
cates 500 pm

NLT

Fig. 2 Schematic illustration of the localization of MCH-ir
cell bodies (closed circles) and fibers in a frontal section of the
NLT and NAT of the hypothalamus from anterior (a) to poste-
rior (d). Large and small closed circles indicate MCH-ir cell
bodies in the NLT and NAT, respectively. For the abbrevia-
tions of brain nuclei and regions, see the text. Top indicates the
dorsal. Bar indicates 500 pm
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Fig. 3 Immunohistochem-
istry images for MCH-ir
cell bodies and fibers in a
parasagittal section (a, b)
to a midsagittal section (i,
j) of the same individual.
Arrowheads and arrows
indicate MCH-ir cell bodies
in the NLT and the NAT,
respectively. (b), (d), (f),
(h), and (j) are higher mag-
nification of boxed areas

in (a), (¢), (e), (g), and (i),
respectively. For the abbre-
viations of brain nuclei and
regions, see the text. Left
indicates the rostral. Bars
indicate 50 pm

observed to send fibers to the pituitary (Figs. 31, j, 5d,
e); MCH-ir fibers were mainly distributed in the neu-
rohypophysial tissues within the pars intermedia (PI)
(Figs. 3i, j, 5d, e).

No MCH-ir cell bodies or fibers were detected
when the anti-MCH antibody was pre-absorbed over-
night at 4 °C with an excess amount of synthetic
MCH (Figs. 5S¢, f), demonstrating the specificity of
the immunoreaction.
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Dual-label immunohistochemistry for MCH and
CRH

Using dual-label immunohistochemistry for MCH
and CRH, MCH-ir and CRH-ir cell bodies were
found to be distinguishable from each other in the
hypothalamus (Figs. 6a, b). Reciprocal connec-
tions between the CRH neurons and MCH neurons
in the hypothalamus were not observed.
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Fig. 4 Immunohistochem-
istry images for MCH-ir
cell bodies and fibers in a
frontal section of the NLT
and NAT of the hypothala-
mus from anterior (a, b) to
posterior (g, h) of the same
individual. Arrowheads and
arrows indicate MCH-ir
cell bodies in the NLT and
NAT, respectively. (b), (d),
(f), and (h) are higher mag-
nification of boxed areas in
(a), (c), (e), and (g), respec-
tively. For the abbreviations
of brain nuclei and regions,
see the text. Top indicates
the dorsal. Bar indicates

50 pm

@ Springer



392

Fish Physiol Biochem (2023) 49:385-398

Fig. 5 (a) Sagittal section through the NLT of the hypothala-
mus. (b) Higher magnification of boxed areas in (a). MCH-ir
cell bodies (arrowheads) and fibers are observed. (¢) Adjacent
section of (b). No MCHe-ir cell bodies and fibers are observed
when the anti-MCH antibody was pre-absorbed overnight
at 4 °C with an excess amount of synthetic MCH. (d) Sagit-
tal section through the pituitary. (e) Higher magnification of

Rearing experiment
Body color

Compared to initial (Fig. 7a), the body color of the
white-acclimated fish appeared lighter (Fig. 7b) and
that of black-acclimated fish darker (Fig. 7c).

Somatic growth

At the start of the experiment (initial), no significant
differences were observed between groups in TL
(Student’s t-test, t=0.226, df=13, p=0.8249), BW
(Student’s r-test, t=0.237, df=13, p=0.8162), and
CF (Student’s t-test, t=0.748, df=13, p=0.4680)
(Fig. 8).

At the sampling time (final), no significant dif-
ferences were observed between groups in TL
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boxed areas in (d). MCH-ir cell fibers originated from the NLT
are observed (double arrowhead). MCH-ir fibers (arrowheads)
are mainly observed in the neurohypophysial tissues within the
pars intermedia. (f) Adjacent section of (e). No MCH-ir fibers
are observed when the anti-MCH antibody was pre-absorbed
overnight at 4 °C with an excess amount of synthetic MCH.
Left indicates the rostral. Bars indicate 50 pm

(Student’s t-test, t=1.025, df=13, p=0.3242) and
BW (Student’s #-test, t=724, df=13, p=0.4869)
(Figs. 8a, b). CF tended to be higher in the black-
acclimated fish than that in the white-acclimated
fish (Student’s #-test, t=1.925, df=13, p=0.0764)
(Fig. 8c).

During the experiment, BW significantly increased
in both the white- (paired t-test, t=8.653, df=7,
p<0.001) and the black-acclimated fish (paired #-test,
t=5.513, df=6, p=0.0015) (Fig. 8b). TL and CF did
not significantly change in either group (Figs. 8a, c).

Feeding activity

The number of A. franciscana nauplii eaten in 10 min
was significantly greater in the black-acclimated fish
than that in the white-acclimated fish (Student’s r-test,
t=2.316, df=13, p=0.0375) (Fig. 9a).
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Fig. 6 (a, b) Sagittal section through the hypothalamus and
pituitary stained by dual-label immunohistochemistry for
MCH and CRH. MCH-ir cell bodies (brown, arrowheads) and
CRHe-ir cell bodies (blue, arrows) are observed. Left indicates
the rostral. Bars indicate 50 pm

SGR

SGR tended to be higher in the black-acclimated
fish group than that in the white-acclimated fish
group (Student’s #-test, t=1.736, df =13, p=0.1061)
(Fig. 9b).

Levels of cortisol in the body

No significant differences were observed in cortisol
levels in the body without head region (pg/g tissue)
between the white-acclimated fish group than those
in the black-acclimated fish group (Welch’s r-test,
t=0.907, df=8.295, p=0.3902) (Fig. 9¢).

Number of MCHe-ir cell bodies and CRH-ir cell
bodies in the hypothalamus

The number of MCH-ir cell bodies in the NLT of the
hypothalamus was significantly greater in the white-
acclimated fish group than that in the black-acclimated

C

Fig. 7 Representative photographs of initial fish (a) and
white-acclimated fish (b) and those of black-acclimated fish
(c¢). Bar indicates 1 cm

fish (Student’s r-test, r=2.432, df=11, p=0.0333)
(Fig. 10a). No significant differences in the number of
MCHe-ir cell bodies in the NAT of the hypothalamus
were observed between the groups (Student’s t-test,
t=0.599, df=11, p=0.5614) (Fig. 10b).

Moreover, no significant inter-group variation was
seen in the number of CRH-ir cell bodies in the NLT
of the hypothalamus (Mann—Whitney U test, U=16,
p=0.4751) (Fig. 11).

Discussion

In this study, we primarily clarified the distribu-
tion of MCH-ir cell bodies and fibers in the brain
and pituitary gland of K. marmoratus. MCH-ir cell
bodies are located in the NLT and the NAT of the
hypothalamus, and the projections of MCH-ir fib-
ers from these loci are different. The distribution of
MCHe-ir cell bodies and fibers has been examined in
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Fig.8 (a) Total length (mm), (b) body weight (mg), and
(¢) condition factor (CF) of the two groups. Each value is
expressed as the mean and standard error (bar). Number indi-
cates the fish employed. "'(p <0.01) and "(p <0.001) indicate
the level of statistical difference between the initial and final
sampling

many teleost fish; the overall distribution is almost
the same and the main group of MCH-ir cell bod-
ies is detected in the NLT and a smaller group is
observed close to the lateral ventricular recess
(LVR) (see Diniz and Bittencourt 2019). It is con-
sidered that MCH neurons in the NLT project to the
pituitary, release MCH in the pituitary, and make the
skin paler by concentrating melanin granules (Bird
and Baker 1989; Groneveld et al. 1995; Suzuki et al.
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Fig. 9 (a) Amount of feed (number of nauplii eaten in
10 min), (b) SGR (%), and (c) cortisol levels in the body with-
out head region (pg/g tissue) of the two groups. Each value is
expressed as the mean and standard error (bar). Number indi-
cates the fish employed. * (p <0.05) indicates the level of sta-
tistical difference between the two groups

1995). MCHe-ir cell bodies above the LVR are sug-
gested to project mainly to non-hypophyseal targets
(see Diniz and Bittencourt 2019). In barfin floun-
der, MCH neurons located above the LVR may be
associated with food intake or stress response rather
than adaptation to background color (Takahashi
et al. 2004). In goldfish, MCH neurons located in
the dorsal part of the nucleus recessus lateralis
(NRLJA) are suggested to be involved in inhibition of
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and (b) the number of MCH-ir cell bodies in the NAT of the
hypothalamus of the two groups. Each value is expressed as
the mean and standard error (bar). Number indicates the fish
employed. * (p<0.05) indicates the level of statistical differ-
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Fig. 11 Box plots of the number of CRH-ir cell bodies in
the NLT of the hypothalamus of the two groups. Line inside
the box indicates median. Lower and upper box boundaries
indicate 25th and 75th percentiles, respectively. Lower and
upper error lines indicate the minimum value and the maxi-
mum value, respectively. Numbers indicate the number of fish
employed

appetite (Matsuda et al. 2006, 2007). In K. marmo-
ratus, MCH-ir cell bodies in the NLT project to the
pituitary and those in the NAT of the hypothalamus
seem to project to non-hypophyseal areas. Although
MCH-ir cell bodies have not been observed in the
area above the LVR in K. marmoratus, it is sug-
gested that MCH in the NAT functions in the brain
possibly regulating food intake.

In K. marmoratus, CRH-ir cell bodies have
been detected not only in the NLT but also in sev-
eral brain regions, and CRH-ir fibers originating
from the NLT project to adrenocorticotropic hor-
mone cells in the pituitary, showing that CRH in
the NLT is involved in the stress response through
the HPI axis (Amano et al. 2022). In addition,
it is indicated that the physiological function of
MCH in the NLT and the NAT differs, as noted
above. Thus, to evaluate responses of each neu-
ronal population to background color, it is not
appropriate to measure the expression levels of
MCH and CRH in the whole brain using a quan-
titative reverse-transcription PCR. Accordingly, in
this study, we conducted dual-label immunohis-
tochemistry for MCH and CRH and estimated the
MCH-ir and CRH-ir cell body counts in the hypo-
thalamus separately.

The body color of the white-acclimated fish
appeared lighter and that of black-acclimated fish
darker, compared with the baseline color. The
number of MCH-ir cell bodies in the NLT of the
hypothalamus was significantly greater in the
white-acclimated fish group. Thus, it is hypoth-
esized that under white background conditions, the
synthesis and secretion of MCH from the pituitary
increased, although it is difficult to measure plasma
MCH levels in K. marmoratus because of its small
body size.

In contrast to MCH, there was no significant inter-
group variation in the number of CRH-ir cell bodies in
the NLT of the hypothalamus. Furthermore, no signifi-
cant differences were observed in the cortisol levels of
the two groups. Incidentally, the number of CRH-ir cell
bodies in the NLT of the hypothalamus and cortisol lev-
els in the body were significantly increased following the
induction of crowding stress in K. marmoratus (Amano
et al. 2022). Thus, it is suggested that background color
causes less stress to the HPI axis than crowding stress
in K. marmoratus. The reason why the number of
CRH-ir cell bodies and whole-body cortisol levels did
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not differ between white- and black-acclimated groups
might be due to the possibility that the fish adapted to
the new environment and that their stress response sub-
sequently returned to normal levels. For example, in
the three-spined stickleback Gasterosteus aculeatus,
during 10-days of confinement stress, although whole-
body cortisol levels remained significantly higher in
the stressed fish than in the control fish at the end of the
experiment (day 10), the cortisol levels of the stressed
fish reached a maximum level within 4 days and
declined afterward (Pottinger et al. 2002). However, in
olive flounder Paralichthys olivaceus juveniles reared
under a white or dark-green tank for 120 days, plasma
cortisol levels increased throughout the experimental
period in both groups, and plasma cortisol levels were
significantly higher in the white-acclimated fish than in
the dark-green-acclimated fish on both days 60 and 120
(Kang and Kim 2013). More precise studies would be
necessary to further clarify this crucial observation.

The relationship between cortisol and MCH
has been reported in rainbow trout Oncorhynchus
mykiss (Baker 1994; Green et al. 1991); increased
MCH levels in the pituitary of white-acclimated
fish indirectly decreased cortisol levels by depress-
ing CRH release and thereby, its downstream pro-
cesses (Baker 1994). In the present study, the body
color of white-acclimated fish appeared lighter
than that of black-acclimated fish. Therefore, it is
possible that pituitary MCH levels were higher in
white-acclimated fish, as previously reported in the
rainbow trout (Green et al. 1991). However, no sig-
nificant differences were observed in the levels of
cortisol in the body between the groups. This differ-
ence may be explained by the results of dual-label
immunohistochemistry, which revealed no recip-
rocal connections between the CRH neurons and
MCH neurons in the hypothalamus of K. marmora-
tus, while such connections may be present in the
rainbow trout.

In conclusion, the present study indicates that the
background color affects MCH neuronal activity in
the NLT and body color change in K. marmoratus.
Future studies should be conducted to clarify the
effects of background color on CRH neuronal activ-
ity and stress-related hormones.
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